The let-7/Lin28 axis is associated with the regulation of key cellular regulatory genes known as microRNAs in various human disorders and cancer development. This study evaluated the role of the let-7/Lin28 axis in regulating a mesenchymal phenotype of hepatic stellate cells in alcoholic liver injury. We identified that ethanol feeding significantly down-regulated several members of the let-7 family in mouse liver, including let-7a and let-7b. Similarly, the treatment of human hepatic stellate cells (HSCs) with lipopolysaccharide (LPS) and transforming growth factor-␤ (TGF-␤) significantly decreased the expressions of let-7a and let-7b. Conversely, overexpression of let-7a and let-7b suppressed the myofibroblastic activation of cultured human HSCs induced by LPS and TGF-␤, as evidenced by repressed ACTA2 (␣-actin 2), COL1A1 (collagen 1A1), TIMP1 (TIMP metallopeptidase inhibitor 1), and FN1 (fibronectin 1); this supports the notion that HSC activation is controlled by let-7. A combination of bioinformatics, dual-luciferase reporter assay, and Western blot analysis revealed that Lin28B and highmobility group AT-hook (HMGA2) were the direct targets of let-7a and let-7b. Furthermore, Lin28B deficiency increased the expression of let-7a/let-7b as well as reduced HSC activation and liver fibrosis in mice with alcoholic liver injury. This feedback regulation of let-7 by Lin28B is verified in hepatic stellate cells isolated by laser capture microdissection from the model. The identification of the let-7/Lin28 axis as an important regulator of HSC activation as well as its upstream modulators and down-stream targets will provide insights into the involvement of altered microRNA expression in contributing to the pathogenesis of alcoholic liver fibrosis and novel therapeutic approaches for human alcoholic liver diseases.
The let-7/Lin28 axis is associated with the regulation of key cellular regulatory genes known as microRNAs in various human disorders and cancer development. This study evaluated the role of the let-7/Lin28 axis in regulating a mesenchymal phenotype of hepatic stellate cells in alcoholic liver injury. We identified that ethanol feeding significantly down-regulated several members of the let-7 family in mouse liver, including let-7a and let-7b. Similarly, the treatment of human hepatic stellate cells (HSCs) with lipopolysaccharide (LPS) and transforming growth factor-␤ (TGF-␤) significantly decreased the expressions of let-7a and let-7b. Conversely, overexpression of let-7a and let-7b suppressed the myofibroblastic activation of cultured human HSCs induced by LPS and TGF-␤, as evidenced by repressed ACTA2 (␣-actin 2), COL1A1 (collagen 1A1), TIMP1 (TIMP metallopeptidase inhibitor 1), and FN1 (fibronectin 1); this supports the notion that HSC activation is controlled by let-7. A combination of bioinformatics, dual-luciferase reporter assay, and Western blot analysis revealed that Lin28B and highmobility group AT-hook (HMGA2) were the direct targets of let-7a and let-7b. Furthermore, Lin28B deficiency increased the expression of let-7a/let-7b as well as reduced HSC activation and liver fibrosis in mice with alcoholic liver injury. This feedback regulation of let-7 by Lin28B is verified in hepatic stellate cells isolated by laser capture microdissection from the model. The identification of the let-7/Lin28 axis as an important regulator of HSC activation as well as its upstream modulators and down-stream targets will provide insights into the involvement of altered microRNA expression in contributing to the pathogenesis of alcoholic liver fibrosis and novel therapeutic approaches for human alcoholic liver diseases.
Alcoholic steatohepatitis with steatosis (fatty liver) and perisinusoidal fibrosis represents a crucial step in progression of alcoholic liver disease (ALD) 4 (1, 2) . Despite the importance of liver fibrosis in the disease process, the causes of fibrosis and diminished regeneration, especially in liver cirrhosis, remain poorly understood. Enhanced mesenchymal reactions are associated with liver fibrosis (3) and are characterized as generation of myofibroblasts (4 -6) .
Repair of the liver occurs after injury through a coordinated interplay of resident and infiltrating cells. However, if the injury is too great to repair at a similar or greater rate than the injury, scarring ensues in the form of fibrosis (7) . The main cell types that are involved in liver fibrosis are hepatic stellate cell (HSCs) (8) . HSCs are liver-specific mesenchymal cells that play a criti-cal role in liver injury and fibrosis. HSCs are typically quiescent, vitamin A-storing pericytes (9) . However, when the liver is injured, HSCs are activated to become myofibroblastic cells (10) . Activated HSCs travel to the site of an injury to secrete extracellular matrix (ECM) for dividing cells to attach (11) . If the liver is unable to replace the damaged cells, HSCs deposit an excessive amount of ECM causing a fibrotic scar. The mechanisms by which the liver reacts to alcohol are being studied extensively. One such mechanism is the activity of the small regulatory non-coding RNAs, microRNAs (miRNAs). These small non-coding RNAs can regulate genes by direct binding to DNA or mRNA (12) . We previously showed that let-7 is important in alcoholic and chronic liver injury; we also showed that the reduction of let-7 increases the severity of fibrosis and other injuries (13) (14) (15) . Several variants of let-7, let-7a, let-7b, and let-7g are down-regulated in the serum of ethanol-fed mice (16) . The potential target genes of let-7 family include Lin28, a key promoter of mesenchymal reaction, cell migration, and generation of induced pluripotent stem cells (17) . Recent studies show that miR-200c, another miRNA that is regulated by Lin28, may regulate the mesenchymal reaction in cancer. Overexpression of miR-200c inhibits mesenchymal reaction and supports termination of cancer progression (18, 19) . It has been hypothesized that the mesenchymal phenotypes regulate the ability to either recover from injury or progress to a cirrhotic condition. More mesenchymal reactions promote liver fibrosis, whereas inhibiting them triggers liver healing and regeneration (20) .
The let-7/Lin28 axis regulates hepatocellular carcinoma development (16, 21) and is associated with an increased risk of type 2 diabetes mellitus (22) . However, the functional role of let-7/Lin28 in alcoholic liver injury remains unclear. Thus, we assessed the role of aberrant expression of the let-7/Lin28 axis in HSCs in ALD by posing the following four questions. (i) Is let-7/Lin28 expression altered in ethanol-exposed mice and ALD human liver tissues? (ii) Does modulation of let-7/Lin28 alter activation of HSCs in vitro and in animals with ALD? (iii) What is the upstream regulator of let-7/Lin28 in HSCs in ALD? (iv) What are downstream targets of let-7/Lin28 involved in HSC activation in ALD?
Results

Presence of enhanced mesenchymal phenotypes due to longterm ethanol exposure in mice liver
Recent studies from the chronic-plus-binge ethanol feeding model suggest that binge drinking induces significant activation of HSCs, leading to liver fibrosis in chronic ethanol-fed mice (25) . To test the impact of chronic alcohol drinking on hepatic mesenchymal phenotypes and liver injury, we analyzed the role of the mesenchymal markers vimentin, S100A4, and fibronectin in mouse livers with chronic alcoholic liver injury. Eight weeks of intragastric feeding of ethanol (ϳ27 g/kg/day) induced significant liver damage ( Fig. 1A ) and increased in serum alanine aminotransferase levels compared with control mice (Fig. 1B) along with significantly enhanced expression of Figure 1. Intragastric ethanol feeding induced liver injury and increased expression of mesenchymal and fibrotic markers. A, C57Bl/6J mice were fed either a control (Con) or ethanol diet for 8 weeks (n ϭ 5). Livers were harvested, fixed in formalin, and embedded in paraffin. A number of 6-mm sliced liver sections were affixed to glass slides, rehydrated, and stained with hematoxylin and eosin H&E to evaluate gross histology. The H&E histology of control (upper) and ethanol fed mice (lower) showed increased steatosis and liver injury in ethanol-fed mice. B, serum was extracted from both control-fed and ethanol-fed mice, and ALT levels were measured. The ALT levels were shown to be increased in ethanol-fed mice, correlating the increased steatosis seen in panel A. C, the H&E histology was scored by three separate observers from one (no damage) to 10 (severe damage) to quantify the level of liver damage based on the levels of steatosis, hepatic ballooning, loss of liver structure, etc. It was found after combining the scores from the three observers that the histopathology scores were significantly higher in the ethanol-fed mice. D, the levels of the mesenchymal markers (vimentin, S100A4, and fibronectin) in total liver samples were measured with real-time PCR control and ethanol-fed mice. Mesenchymal markers were shown to be elevated in ethanol-fed mice compared with control. E, the fibrosis markers (␣-SMA, Col1A1, and TIMP1) were evaluated in total liver samples derived from control and ethanol-fed mice. Ethanol-fed mice were shown to have significantly increased levels of these markers compared with control-fed mouse livers. Data are presented as Ϯ S.E. (n ϭ 5). *, p Ͻ 0.05 relative to controls. NS, no significant difference. fibrosis markers such as Vim (vimentin), Fn1 Acta2, Col1a1, and Timp1 (Fig. 1 , D and E). These results along with liver histologic findings ( Fig. 1C ) indicate that long-term ethanol feeding induced liver fibrotic responses.
Altered let-7/Lin28 axis in ethanol-exposed mice liver tissues
We have demonstrated the aberrant expression of selected miRNAs after alcoholic liver injury, including the significant reduction of let-7 family members (2, 13, 26) . To further extend these observations in alcoholic liver injury, we analyzed the expression of let-7 family members in five pairs of ethanoltreated mouse and control liver tissues using the Taqman realtime PCR assay. The expressions of several let-7 miRNAs (including let-7a, let-7b, and let-7g) were markedly decreased (more than half) in ethanol-exposed liver tissues compared with control liver tissues ( Fig. 2A ). The expression of let-7a and let-7b was also decreased in lipopolysaccharide (LPS) and transforming growth factor ␤ (TGF-␤)-treated hHSCs with a higher migration rate compared with controls ( Fig. 2 , B and C). Inhibition of let-7a and let-7b in hHSCs also significantly increased cell migration rate ( Fig. 2D ). To further verify the expression of let-7 in human ALD, real-time PCR analysis was performed for total RNA from patient ALD and normal human liver tissues obtained from XenoTech (Kansas City, KS). The expression of let-7a and let-7b was decreased by 50% or more in 3 of the 4 ALD samples compared with the control liver tissues A main target gene of let-7 is an RNA-binding protein and stem cell marker, Lin28. Elevation of Lin28 and decrease of let-7 are linked with highly aggressive diseases in other organs, and their importance in liver diseases is also suggested (16) . Significantly increased expression of Lin28B (but not Lin28A) was observed in ethanol-fed mouse livers relative to controls along with the enhanced expression of another let-7 target gene, HMGA2 (27) (Fig. 3A) . Additionally, both Lin28B and HMGA2 are significantly increased in LPS-and TGF␤-treated hHSCs ( Fig. 3B ) as well as in human ALD samples, suggesting the potential role of the let-7/Lin28B axis in human ALD and liver fibrosis ( Fig. 3 , C-E).
Regulation of Lin28B and HMGA2 by let-7 in hHSCs
To verify that Lin28B and HMGA2 are bona fide targets of translational regulation by let-7 in hHSCs, we performed studies using luciferase reporter constructs containing the let-7a/ let-7b recognition sequence from the 3Ј-UTR of Lin28B and HMGA2 inserted downstream of the luciferase gene ( Fig. 4, A  and B) . Transfection with let-7a/let-7b precursor in hHSCs decreased reporter activity of both Lin28B and HMGA2 in normal hHSCs. However, when these studies were repeated with reporter constructs that contained random mutations in the recognition sequence, the effects of reporter deactivation by Figure 2 . let-7 levels affected migration and levels were decreased upon exposure to LPS, TGF-␤, or EtOH. These hHSCs were cultured as recommended by the manufacturer on poly-L-lysine-coated plates. All hHSCs at 70 -80% confluency were treated with 10 mM ethanol, 1 ng/ml TGF-␤, or LPS ( 1 g/ml) for 72 h. Cells were collected, and total RNA was extracted. Real-time PCR was performed to evaluate the levels of let-7 after treatment with ethanol (A), LPS, or TGF-␤ (B). Cellular migration was analyzed in hHSCs with the Oris Cell Migration assay kit after LPS or TGF-␤ treatment (C) or let-7 knockdown (D). Migrating cells were positively stained by calcein AM, and levels of migrating cells were quantified with a spectrophotometer. The presence of LPS, TGF-␤, and let-7 inhibition increased the migration ability of hHSCs. E and F, total liver samples from human alcoholic liver disease or control patients were analyzed for let-7 levels with real-time PCR (E and F). Alcoholic patient liver samples showed significant reductions in both let-7a and let-7b. Data are presented as Ϯ S.E. (n ϭ 5). *, p Ͻ 0.05 relative to specific control group. NS, no significant difference.
Figure 4. let-7 was increased upon blockage of Lin28B or HMAG2 and blockage of let-7 can alter mesenchymal mediators.
The intact let-7a and let-7b recognition sequences from the 3Ј-UTR of Lin28B and HMGA2 or with random mutations were cloned downstream of the firefly luciferase reporter gene (A and B). Luciferase assays were performed 72 h after transfection of pre-let-7a, pre-let-7b, and control pre-miRNA. The let-7 levels were analyzed with real-time PCR after these constructs were used to block Lin28B (C) and HMGA2 (D). The let-7 levels were increased after knockdown of either Lin28B or HMGA2. E, overexpression plasmids for let-7a/b were transfected into hHSCs by electrophoresis, cells were harvested after 48 h, total RNA was extracted, and Lin28 and HMGA2 (as well as the mesenchymal mediators Snail and Twist) were evaluated with real-time PCR. Overexpression of let-7 induced decreases in both isoforms of Lin28 as well as HMGA2, Snail, and Twist. Data are presented as Ϯ S.E. (n ϭ 5). *, p Ͻ 0.05 relative to specific control group. let-7a/let-7b precursor were abolished ( Fig. 4 , C and D). Moreover, reductions in Lin28B and HMGA2 expression occurred in hHSCs incubated with pre-let-7a/let-7b for 3 days (Fig. 4E) . Western blot analysis also demonstrated significant reduction of Lin28B (0.40 Ϯ 0.08 (Pre-let-7a, p ϭ 0.01), 0.62 Ϯ 0.10 (Prelet-7b, p ϭ 0.03)) and HMGA2 (0.55 Ϯ 0.09 (Pre-let-7a, p ϭ 0.03), 0.44 Ϯ 0.07 (Pre-let-7b, p ϭ 0.02)) relative to pre-miRNA controls, respectively (n ϭ 6). Concomitant with reduced HMGA2 expression, there were significant repressions of the snail family transcriptional repressor (Snail) and the twist family basic helix-loop-helix transcription factor (Twist), which are the known downstream mediators of HMGA2 mesenchymal signaling (Fig. 4E ). In contrast, transfection with a precursor to miR-21 (which can also modulate mesenchymal phenotypes in normal hHSCs) did not alter the expression of Lin28B and HMGA2 with a relative expression of 1.2 Ϯ 0.2-fold and 0.9 Ϯ 0.4-fold of controls, respectively. Taken together, these findings confirm that Lin28B and HMGA2 are the biologically relevant targets of let-7a/let-7b in hHSCs.
Regulation of let-7/Lin28-associated mesenchymal phenotypes in hHSCs
We previously demonstrated a role for miR-34a in alcoholic liver injury. However, the role of let-7 in ALD remains unknown. Thus, we performed studies aimed to explore the possible biological significance of aberrant let-7 by using an antisense oligo inhibitor specific to let-7a and let-7b. First, we verified the efficacy of transfection and target effects by assessing the expression of mature let-7a and let-7b by real-time PCR in hHSCs transfected with anti-let-7a and let-7b inhibitors (Fig. 5A ). The silencing of let-7 induced these cells to increase levels of the mesenchymal markers, vimentin, S100A4, and fibronectin. C, the hHSCs were transiently transfected for siRNAs to Lin28A or Lin28B via electrophoresis. Cellular migration was analyzed in Lin28A/B repressed hHSCs with the Oris Cell Migration assay kit. D, the Lin28A/B-repressed cells were harvested 48 h after transfection, RNA was extracted, and real-time PCR was performed for the fibrosis markers ␣-SMA and TIMP3. Silencing of Lin28B reduced the levels of fibrotic markers. E, the hHSCs were treated with 10 mM ethanol for 72 h, and cellular migration was measured as above. Treatment with ethanol increased cellular migration in a dose-dependent manner. F, the hHSCs treated with ethanol were harvested after 72 h, RNA was extracted, and real-time PCR was performed for Lin28, let-7, and the mesenchymal markers vimentin and fibronectin. Lin28B levels were elevated, let-7 levels were decreased, and vimentin and fibronectin levels were increased after treatment with ethanol. G, HSCs were transfected with siRNA against HMGA2, and cellular migration was measured as above. Migration is presented as a percentage of si-control migration. H, mRNA was extracted from HSCs transfected for si-HMGA2 and let-7a, and TIMP1 levels were measured by qPCR. Data are presented as ϮS.E. (n ϭ 5). *, p Ͻ 0.05 relative to specific control groups.
Significant up-regulation of vimentin and fibronectin was seen after anti-let-7a and anti-let-7b treatment (Fig. 5B ). We also quantified let-7a/let-7b expression in let-7a/let-7b-transfected cells before and after alcohol exposure and demonstrated that alcohol significantly decreased let-7a and let-7b by 0.6-fold and 0.5-fold in hHSCs, respectively. A prolonged ethanol treatment (1 week) without let-7a/let-7b transfection also reduced let-7a/ let-7b expression by 0.4-fold and 0.3-fold, respectively. In these cells the expression of vimentin and fibronectin was up-regulated. These observations indicate a role for let7 in the regulation of mesenchymal phenotypes of hHSCs after alcoholic exposure.
The ability to migrate into injured areas of tissues is a phenotypic characteristic of HSC activation and a key determinant of hepatic fibrogenetic process. To assess the effect of Lin28B on cell motility, hHSCs were transfected with either control, Lin28B or HMGA2 siRNAs, and vertical cell migration was assessed. Silencing Lin28B or HMAG2 decreased the cell migration index (Fig. 5, C and G) . In addition, silencing of Lin28B significantly decreased the fibrogenic markers ACTA2 and TIMP3 (Fig. 5D ). Furthermore, cell motility was significantly increased after ethanol treatment (Fig. 5E ). This effect was accompanied by increased Lin28B, decreased let-7a/let-7b, and up-regulated vimentin and fibronectin ( Fig. 5F ). Silencing of HMGA2 in stellate cells did not alter let-7a levels but decreased TIMP1 expression in HSCs (Fig. 5H ). Collectively, these results support a functional role for ethanol-induced Lin28B/let-7 axis in activating hHSC and stimulating their migration.
Reduced mesenchymal phenotypes and liver fibrosis in Lin28B-deficient mice
To extend our study on Lin28B to in vivo, we carried out intragastric ethanol feeding for 8 weeks in Lin28B-deficient and WT control mice. Intragastric ethanol feeding induced severe steatosis and changes in liver structure. Alternatively, Lin28Bdeficient mice fed an intragastric ethanol diet showed a reduction in the degree of steatosis and liver structure alterations, suggesting that Lin28B promotes during alcoholic liver injury (Fig. 6, A and B) . Plasma levels of the liver enzyme alanine aminotransferase and total liver pathology scores were decreased in Lin28B-deficient mice with EtOH compared with WT mice with EtOH (Fig. 6C ). Significant reductions in type I collagen and ACTA2 were noted in Lin28B deficient-EtOH mice compared with WT-ETOH mice (Fig. 7A ). Furthermore, significant reductions in vimentin and fibronectin mRNA were noted in Lin28B-deficient EtOH mice (Fig. 7B) . A fibrosis PCR array also identified obvious reduction of liver fibrosis-related genes such as ␣-SMA (ACTA2), TIMP-4, MMP-1, intergrin-B6, and caveolin (Fig. 7C ). Ingenuity pathway analysis (IPA) was performed to ascertain the cellular context of the differentially expressed genes related to Lin28B deficiency-mediated liver repair. Pathway analysis indicated that the hepatic mesenchymal/fibrotic pathway was most inhibited through let-7/Lin28related signaling mechanisms (Fig. 7D ). Further analysis with IPA uncovered several differentially regulated mesenchymal/ fibrotic gene alterations after Lin28B silencing in ethanol-feeding mice liver. Several of these genes are regulated by let-7/ Lin28 axis, including vimentin, fibronectin, HMGA2, Twist, Figure 6 . The recovery effects of Lin28B deficiency in ethanol-feeding mice. The H&E (A) and Oil Red O (B) staining was performed in FFPE and frozen sections, respectively, in wild-type and Lin28B-deficient mice with or without ethanol feeding. Red staining in oil red sections is positive for lipid. The H&E staining showed reduced steatosis and other liver damage in Lin28B-deficient mice. Additionally, oil red staining showed reduced fat deposition in Lin28Bdeficient mice. Serum ALT levels and histopathological scores were evaluated in wild-type and Lin28B-deficient mice with or without ethanol feeding (C). The ALT levels and overall histopathology scores were shown to be reduced in Lin28B-deficient mice. Data are presented as Ϯ S.E. (n ϭ 5). *, p Ͻ 0.05 relative to WT control group; #, p Ͻ 0.05 relative to WTϩEtOH group.
Snail, TIMP-1, TIMP-4, MMP-3, and MMP-9. These studies indicate that the loss of Lin28B ameliorates alcoholic liver injury and fibrosis through the inhibition of mesenchymal signaling pathways.
Because activation of HSCs is central in the development of liver fibrosis, we analyzed HSC activation in vivo by staining liver sections for desmin (HSC marker) or ␣-SMA (marker of activated HSCs) and quantified the percentage of positive cells. Ethanol feeding increased the number of desmin-positive and ␣-SMA-positive cells in WT mice; these findings were accompanied by increased Sirius Red staining and collagen deposition (Fig. 8, A-C) . In Lin28B-deficient mice, EtOH inductions of desmin-positive or ␣-SMA-positive cells were suppressed compared with WT mice with EtOH; these findings were also accompanied by decreased Sirius Red staining and collagen deposition (Fig. 8, A-C) . In HSCs that were isolated from WT-EtOH mice by laser capture microdissection (LCM) (Fig. 8D) , we detected increased mRNA expression of Col1a1, MMP-13 (mouse MMP-1 is MMP-13), Timp-1, and Timp-4 when compared with WT without EtOH (Fig. 8, E-F) . In contrast, HSCs that were isolated from Lin28B-deficient mice with EtOH had reduced inductions of these parameters compared with WT mice with EtOH (Fig. 8, E and F) . No significant differences of fibrosis markers were noted between HSCs isolated from WT controls and Lin28B-deficient controls. These data further support our notion that increased Lin28B contributes to HSC activation and alcoholic liver fibrosis.
Identification of feedback loop in HSCs isolated from Lin28Bdeficient mice
let-7 miRNA can activate TRIM71, which targets Lin28 for ubiquitin-mediated proteasomal degradation, thus inhibiting Immunofluorescence was used to identify the location of collagen 1A1 (green) and ␣-SMA (red) in liver sections (A). Real-time PCR was performed in total liver isolated for the mesenchymal markers vimentin and fibronectin (B). These mesenchymal markers were reduced in Lin28B-deficient mice. A fibrosis PCR array (SABiosciences) was used to evaluate levels of fibrotic markers in Lin28B-deficient ethanol-fed mice compared with wild-type ethanol-fed mice (C). Lower levels of markers indicate that these markers were decreased in Lin28B-deficient ethanol-fed mice compared with wild-type ethanol-fed mice. The markers the most down-regulated in Lin28B-deficient mice were ACTA2 (␣-SMA), TIMP-4, and MMP-1. Panel D presents IPA of differentially regulated gene network after Lin28B deficiency in ethanol feeding mice. IPA was performed to understand the cellular context of the differentially expressed genes related to the recovery effects of Lin28B silencing during alcoholic liver injury. Several mesenchymal and fibrotic genes implicated in HSC activations are regulated by Lin28B deficiency in vivo, including vimentin, fibronectin, HMGA2, Twist, Snail, TIMP-1, TIMP-4, MMP-3, and MMP-9. Data are presented as ϮS.E. (n ϭ 5). *, p Ͻ 0.05 relative to WT control group; #, p Ͻ 0.05 relative to WTϩEtOH group.
Lin28 expression at both posttranscriptional and posttranslational levels (28) . The Lin28B-let-7-positive feedback loop is discovered in human cancer development and progression and established that Lin28 (which is targeted by let-7) inhibits the biogenesis of let-7 family miRNAs to support Lin28 expression (29, 30) . To confirm the feedback loop in HSC in alcoholic liver injury, total liver tissues and LCM-isolated HSCs from WT and Lin28B0-deficient mice (with or without ethanol treatment) were analyzed for the expression of let-7 family members by Taqman real-time PCR assay. Indeed, the expression of let-7a and let-7b was significantly up-regulated in the total liver from Lin28B-deficient mice when compared with WT mice (with or without EtOH respectively) ( Fig. 9A ). However, only let-7a was significantly up-regulated in LCM-isolated HSCs from Lin28Bdeficient mice when compared with WT mice (with or without EtOH, respectively), suggesting the pathologic role of the Lin28B-let-7a-positive feedback in HSC activation and liver fibrosis (Fig. 9B ). Furthermore, the expression of let-7 target gene HMGA2 along with its downstream mediators of mesenchymal transition, Snail and Twist, were all significantly downregulated in Lin28B-deficient mice with EtOH when compared with WT mice with EtOH, further supporting a critical role of a Lin28-let-7a-HMGA2 feedback loop in activation of HSCs in alcoholic liver fibrogenesis (Fig. 9, C and D) .
Discussion
In this study we described the role of altered expression of let-7/Lin28 axis by ethanol in the contribution to mesenchymal phenotypic changes that are associated with ALD progression. The results suggest that decreased let-7a and let-7b is associated with HSC activation in ALD mouse livers and in LPS/ TGF␤-treated HSCs compared with controls. We propose that let-7 contributes to anti-alcoholic liver injury and tissue reparation through modulating HSC activation by inhibition of HSC activation markers. Some of these effects are mediated through let-7 targets, Lin28B, and HMGA2, which are all known to be involved in mesenchymal reactions and ALD. Altered expression of let-7/Lin28 was shown by in situ hybridization during hepatocellular carcinoma (HCC) development, and a similar role for let-7/Lin28 has been postulated in the development of type 2 diabetes mellitus. The silencing of Lin28 in Lin28B-deficient mice can inhibit activation of HSCs and subsequently facilitate tissue recovery in ethanol-feeding mice liver. These findings taken together support a functional role for let-7/anti-Lin28 modulation in promoting liver tissue repair and against liver fibrosis during the development of ALD.
The miRNA, let-7, is a vital mediator of liver damage in many liver diseases. It has been shown to be decreased in several forms of acute and chronic liver diseases, but it has not yet been analyzed in ALD. We have shown that administration of ethanol both in vitro and in vivo decreases let-7 levels and increases fibrosis markers and the stem cell marker, Lin28B. In vitro, HSCs treated with the inflammatory proteins LPS or TGF-␤ exhibited decreased levels of let-7 as well as increased levels of migration, Lin28A/B, HMGA2, and mesenchymal markers. Knock-out of let-7 in HSCs led to increased migration, indicating that a lack of let-7 allows HSCs to become more activated. In human ALD tissues, let-7 levels were decreased, whereas Lin28A/B levels and HMAG2 levels were increased, which indicates that these factors are involved in the severe injury to the liver induced by alcohol consumption. Knock-out of Lin28B or HMGA2 in HSCs decreased cell migration and fibrosis levels. However, silencing of HMGA2 in HSCs failed to change the expression of let-7a, suggesting that HMGA2 is only the direct target of let-7 but not inside the loop of let-7/Lin28. Lin28Bdeficient mice showed decreased levels of fibrosis and mesenchymal markers in addition to decreased histopathology scores and decreased alanine aminotransferase levels compared with wild-type ethanol-fed mice. Isolated HSCs from these mice showed decreased levels of fibrosis markers and mesenchymal mediators as well as increased levels of let-7.
It has been noted that ALD is characterized by a typical disease progression that begins at alcoholic fatty liver and eventually progresses to cirrhosis and possible hepatocellular carcinoma. It is unclear what controls the progression of the disease, but it may be tied to the livers of certain patients that have the inability to repair the damage caused by alcohol in a timely manner. The let-7/Lin28 axis is vitally important in the differentiation of cells during development. Cells that have more Lin28 activation have more of a stem cell or mesenchymal phenotype, whereas cells with high levels of let-7 are well-differentiated cells. This is well displayed in HCC. The Lin28B antibody has been shown to be up-regulated in HCC samples, whereas let-7 is down-regulated (31) . This reactivation of Lin28B in HCC samples indicates an attempt by the liver to repair the extensive damage caused by cirrhosis that continued uncontrolled.
The let-7/Lin28 axis appears to be an important tool that is utilized by the liver to repair injury and control the transformation of cells from the epithelial to mesenchymal phenotype. Because HSCs need to undergo a mesenchymal transition to become activated and move to the area of injury where they lay down the ECM for dividing cells, the let-7/Lin28 axis could be an important key to this activation. As we have shown, downregulation of Lin28B may decrease overall liver damage such as steatosis and fibrosis. This fibrosis reduction appears to be a result of blockage of HSC activation through modulation of the mesenchymal mediators Snail and Twist. Therefore, inhibition of Lin28B in patients could be an important therapeutic target for halting the progression of ALD and saving the lives of these patients as well as reducing the cost of care for these patients and the cost of liver transplantation.
Our findings identify a previously unrecognized mechanism for direct regulation of Lin28 and HMGA2 and mesenchymal reactions in HSCs; this mechanism involves non-coding RNA (ncRNA) in ALD. Aberrant mesenchymal reactions have been implicated in many human diseases including ALDs. The abusive consumption of alcohol can cause serious cellular injuries that often lead to activation of mesenchymal transition. Although let-7/Lin28 signaling has been tightly linked to liver injuries and disease outcome in many hepatic disorders, including human ALDs, its application to ethanol-dependent ncRNA expression is novel. A better understanding of how ethanol interacts with specific cytokines to contribute to aberrant ncRNA expression in HSCs will clearly advance the field and increase our understanding of the mechanisms involved in the development of ALDs. Employing LCM and single cell analysis approaches to identify transcriptional and translational factors and their modified targets in HSCs during ALD development and progression are lacking, but such strategies could identify other novel targets that could be genetically or epigenetically modified in ALD.
With chronic alcohol abuse, the early and reversible liver damage occurs in HSCs and other hepatic cell types long before the onset of clinically symptomatic and irreversible form of hepatitis, fibrosis, and cirrhosis. Currently, the mechanisms and regulation of ALDs at single cell levels are poorly understood, and the ALD-associated putative biomarkers and regulatory molecules in HSCs remain tenuous and unproven. In this study we characterized the role of dysregulated let-7/Lin28 axis in ethanol-induced altered mesenchymal signaling in HSCs and Lin28 deficiency to ALD progression. The data presented here may have direct application to the future translational research targeting HSC activation and mesenchymal reactions for an improved diagnosis and treatment of ALD patients.
Experimental procedures
Evaluation of the role of the let-7/Lin28 axis in the mesenchymal reaction in hHSCs
Primary hHSCs were purchased from Sciencell (Carlsbad, CA). Cells were cultured as recommended by the manufacturer. Cells were treated with 10 ml of ethanol (EtOH; Sigma) for 72 h. Cells were harvested with a cell scraper, and RNA was extracted with the mirVana isolation kit (ThermoFisher Scientific, Waltham, MA). The cDNA was made with the iScript reverse transcriptase kit (Bio-Rad). Real-time PCR was performed using the SYBR Green Supermix (Bio-Rad) and premade PCR primers (Qiagen, Germantown, MD) on an Applied Biosystems (Foster City, CA) ViiA 7 PCR machine. For miRNA real-time PCR, cDNA was made with the RT 2 reverse transcriptase kit (ThermoFisher) with premade primers (ThermoFisher) and Taqman reagents (ThermoFisher). The HSCs were also treated with 5 ng of TGF-␤ (R&D Biosystems, Minneapolis, MN) or LPS (Sigma). Cells were harvested, RNA was extracted, and real-time PCR was performed as above.
Transfections
Transfections were performed by nuclear electroporation or Lipofectamine 3000 (ThermoFisher) using the Nucleofector system (Amaxa Biosystems, Koln, Germany). For electroporation, 50 l of 100 nM miRNA precursor, antisense inhibitor, or controls (Ambion, Austin, TX) were added to 1 ϫ 10 6 cells suspended in 50 l of Nucleofector solution at room temperature. The sequences of the miRNA precursors and inhibitors used can be obtained from Ambion. After electroporation, transfected cells were resuspended in culture medium containing 10% fetal bovine serum for 48 -72 h before study. Lipofectamine transfections were performed according to the manufacturer's instructions using siRNA obtained from ThermoFisher. All studies were performed in quadruplicate unless otherwise specified.
Real-time PCR for mature miRNA
The expression of mature miRNAs in human hepatic cell lines was analyzed by TaqMan miRNA Assay (Applied Biosystems). Briefly, single-stranded cDNA was synthesized from 10 ng of total RNA in a 15-l reaction volume by using the Taq-Man MiRNA reverse transcription kit (Applied Biosystems). The reactions were initially incubated at 16°C for 30 min and then at 42°C for 30 min. The reactions were inactivated by incubation at 85°C for 5 min. Each cDNA generated was amplified by quantitative PCR via sequence-specific primers from the TaqMan miRNA Assays on an MX 3000P PCR Instrument (Stratagene, San Diego, CA). The 20-l PCR included 10 l of 2 ϫ Universal PCR Master Mix (No AmpErase UNG), 2 l of each 10ϫ TaqMan MiRNA Assay Mix, and 1.5 l of reverse transcription product. The reactions were incubated in a 96-well plate at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The threshold cycle (CT) is defined as the fractional cycle number at which the fluorescence passes the fixed threshold.
SuperArray real-time PCR array and real-time PCR analysis
The RNA was isolated from liver tissues or cell lysates using TRIzol (Invitrogen) according to the manufacturer's protocol; after isolation, the RNA was subsequently cleaned using the Qiagen RNeasy kit, again according to the manufacturer's protocol. The optional on-column DNase treatment was performed. Reverse transcription was done using 1 g of RNA with the SABiosciences RT 2 First Strand kit (SABiosciences, Frederick, MD) according to the manufacturer's protocol. Mouse liver tissue or normal cDNA from hHSCs was analyzed using Super-Array plates Mouse Fibrosis PCR array (#PAMM-120A; SABiosciences). To validate the translational significance of these gene expression findings, mice liver and human HSC samples were analyzed using real-time PCR. The SABiosciences RT 2 Real-Time PCR Primer Assays or Taqman miRNA PCR assay were used. Real-time PCR was performed using the SABiosciences RT 2 SYBR Green/ROX Real-Time PCR Master Mix for a Stratagene Mx3005P Real-time PCR System according to the manufacturer's protocol. ROX was used as an endogenous reference, and data were analyzed using the SABiosciences PCR Array Data Analysis Template. The comparative CT method was used for quantification of gene expression. All samples were tested in triplicate, and average values were used for quantification.
Animal studies
All animal studies were reviewed and approved by the Animal Care and Use Committees of Baylor Scott & White and the University of Southern California according to the National Research Council's Guide for the Care and Use of Laboratory Animals. Lin28atm1.2Gqda/J (Lin28B KO) and C57BL/6J (wild type) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Animals were treated with the intragastric EtOH infusion model as previously described (23) . After euthanasia, livers were harvested, part of the liver was fixed with formalin and embossed in paraffin, and the remaining liver was flashfrozen and stored at Ϫ80°C. Evaluation of Lin28A/B and let-7 levels was performed by extracting RNA with the miRVana kit, and real-time PCR was performed as above.
Western blotting
Cells grown in 100-mm dishes were lysed, and protein content was quantitated using the Bradford protein assay. Equiva-
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lent amounts of protein were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked and incubated with the specific primary antibody (rabbit anti-Lin28B and goat anti-high-mobility group AT-hook (HMGA2); Santa Cruz Biotechnology, Dallas, TX) overnight at 4°C, washed, and incubated with the appropriate IRDye700-and IRDye800-labeled secondary antibodies (Rockland, Gilbertsville, PA) (1:1000) for 1 h. Blots were stripped and reprobed with mouse monoclonal antibodies for ␤-actin (Sigma) (1:1000) or total glyceraldehyde-3-phosphate dehydrogenase antibody (1:1000), which was used for normalization. Protein expression was visualized and quantified using the LI-COR Odyssey Infrared Imaging System (LI-COR Bioscience, Lincoln, NE).
Luciferase reporter assay
Intact putative let-7a and let-7b recognition sequence from the 3Ј-UTR of Lin28B and HMGA2 (pMIR-Lin28B/HMGA2wt-3Ј-UTR) or with random mutations (pMIR-Lin28B/ HMGA2-mut-3Ј-UTR) were cloned downstream of the firefly luciferase reporter gene. Cells were co-transfected with 1 g of pMIR-Lin28B/HMGA2-wt or mut-3Ј-UTR construct and 1 g of pRL-TK Renilla luciferase expression construct with or without precursor miR-34a using TransIT-siQUEST transfection reagent (Mirus, Madison, WI). Luciferase assays were performed 72 h after transfection using the Dual Luciferase Reporter Assay system (Promega, Madison, WI).
Cell migration assays
Cell migration was assessed by using the Oris Cell Migration assay kit (Platypus Technologies, Madison, WI). Briefly, cells were stained with calcein AM (Calbiochem) and plated (10,000 cells/well) in a 96-well plate provided with an insert that prevented the cells from attaching in a central analytic zone. After overnight incubation at 37°C, medium was changed to serumfree medium containing the compounds, and the insert was removed to allow cells to migrate into the central zone. The cells that had migrated into the central zone were labeled by calcein AM and quantified fluorometrically by using Spectra-Max M5 Plate Reader from Molecular Devices (Sunnyvale, CA).
Immunohistochemistry analysis
Lobular necrosis was evaluated in liver sections stained with hematoxylin-eosin. Liver sections were incubated overnight at 4°C with specific antibody (1:50), washed in phosphate buffered saline (PBS), incubated for 20 min at room temperature with a secondary biotinylated antibody (Dako Cytomation LSAB Plus System-HRP, Glostrup, Denmark), and further incubated with Dako ABC for 20 min and developed with 3-3Ј diaminobenzidine (Dako Cytomation Liquid DAB Plus Substrate Chromogen System). For all immunoreactions, negative controls were included. Immunohistochemical observations were taken by BX-51 light microscopy (Olympus, Tokyo, Japan) with a Videocam (Spot Insight; Diagnostic Instrument, Sterling Heights, MI) and processed with an image analysis system.
Evaluation of liver steatosis and fat deposition
Formalin fixed paraffin-embedded (FFPE) sections were sectioned at 6 m and affixed to charged glass slides. Slides were rehydrated in xylenes followed by decreasing percentages of ethanol. Hematoxylin and eosin (H&E) staining was performed by immersing slides in gill's hematoxylin (Vector Laboratories, Burlingame, CA) and subsequently eosin before dehydration slides through elevating alcohol washes and xylenes. The Oil Red O kit (IHC World, Woodstock, MD) was used to stain slides for fat deposition following directions from the manufacturer and dehydrated as above.
Evaluation of liver fibrosis
The FFPE sections were sectioned at 6 m and affixed to charged glass slides. Slides were rehydrated in xylenes followed by decreasing percentages of ethanol. The Sirius Red kit (IHC World, Woodstock, MD) was used to stain slides for collagen deposition following directions from the manufacturer and dehydrated as above. Sirius Red staining was quantified with ImageJ software (24) . Immunofluorescence was performed on FFPE liver sections using antibodies from ABCam (San Francisco, CA). Real-time PCR was performed on total liver RNA isolates as described above.
Isolation of HSCs and evaluation of mesenchymal and fibrotic markers
Frozen liver tissue was sectioned at 10 m and stained with immunofluorescence for desmin (Abcam). Desmin-positive cells were isolated with LCM using a Leica LMD7 microscope. The RNA was isolated from desmin-positive cells using the PicoPure RNA Isolation Kit (ThermoFisher), cDNA was made, and real-time PCR was performed as above.
Human tissues
Human liver tissue from normal and ALD patients was purchased from XenoTech ( Table 1 ). The RNA was isolated, cDNA was made, and real-time PCR was performed as above. 
Statistical analysis
Data are expressed as the means Ϯ S.E. from at least three separate experiments performed in triplicate unless otherwise noted. The differences between groups were analyzed using a double-sided Student's t test when only two groups were present and analysis of variance when there were more than two groups. The null hypothesis was rejected at the 0.05 level unless otherwise specified.
